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Porosity sensitivity is an important index for determining the spacing of the neutron porosity tool, and
optimized spacing can improve formation porosity resolution. Based on the neutron ﬂux formula
obtained through a double-group approach, we study the variations of fast-neutron slowing-down
length and thermal-neutron diffusion length and their derivatives with formation porosities; calculate
porosity sensitivity for different porosity values; and derive relationships for how the distance between
the source and the near detector or the distance between the two detectors depends on porosity
sensitivity. Both the theoretical analysis and the calculations show that the relationship between porosity
sensitivity and the short spacing is not monotonic. For a ﬁxed spacing interval, sensitivity increases with
increasing spacing in lower porosity formations, whereas the opposite occurs in relatively higher
porosity formations. The spacing has little inﬂuence on the sensitivity. For a ﬁxed short spacing, the
sensitivity is a monotonically increasing function of the spacing interval in the whole range of formation
porosity.
& 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.1. Introduction
The neutron logging tool is used to obtain an estimate of
formation porosity. The measurement principle is based on the
fact that hydrogen is the element that most strongly slows down
fast neutrons in the formation. Because hydrogen in the formation
is usually in the form of hydrocarbons or water and tends to occur
in pore spaces, the correlation with formation porosity can easily
be made. In practice, the double-detector neutron tool is used to
obtain formation porosity. The detector closer to the source is used
to provide compensation for borehole effects and rock capture
effects on the farther detector by the ratio of near to far count rates
(Tittle, 1961; Kreft, 1972; Kreft et al., 1974; Ellis and Singer, 1987;
Ellis et al., 2003; Xu, 2009).
Porosity sensitivity (S) is one of the main indexes used to
determine the resolution of formation porosity (Huang, 1985;
Oraby et al., 1990; Xia et al., 2003; Zhang et al., 2006). It is a
function of counting ratio (R) and formation porosity (ϕ) and is
deﬁned by
S¼ 1
R
∂R
∂ϕ
: ð1Þr B.V.
+86 10 89733305.
Open access under CC BY-NC-NThe larger the porosity sensitivity, the higher the resolution to
porosity.
Though considerable work on neutron porosity logging espe-
cially neutron slowing-down length has been performed by
specialists in the use of neutron–neutron devices, the variations
of porosity sensitivity with the distance between the source and
the near detector or the distance between the two detectors have
not been included. Based on the neutron ﬂux formula obtained
through the double-group approach, in this paper we study the
inﬂuences of the distance between the source and the near
detector and the distance between the two detectors on porosity
sensitivity.2. Porosity sensitivity
In a simple geometric structure, for a point source in an inﬁnite
formation, the thermal-neutron ﬂux of an arbitrary point in the
formation is given by
ϕtðrÞ ¼
1
4πDtr
L2t
Le
2−Lt2
ðe−r=Le−e−r=Lt Þ; ð2Þ
where Dt is the thermal diffusion coefﬁcient, Le is the slowing-
down length of fast neutrons, Lt is the diffusion length of thermal
neutrons, and r is the distance from the source to the point. In
actual logging, r is the distance from the neutron source to a
detector and is called spacing. It can be seen from Eq. (2) that the
thermal-neutron ﬂux distribution depends on not only formationD license.
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Fig. 2. Relationship between Le and ϕ (from Wiley et al., 1989).
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Fig. 3. Relationship between Lt and ϕ (from Wiley et al., 1989).
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neutron diffusion and absorption.
In this paper, we suppose that the detectors are point detectors,
as shown in Fig. 1. In the ﬁgure r represents the distance from the
source to the near detector, and Δr, which is called the interval,
represents the distance from the near detector to the far detector.
If NtðrÞ is used to represent the thermal-neutron count rate at
the location of a detector, NtðrÞ is proportional to the thermal-
neutron ﬂux ϕtðrÞ, that is, NtðrÞ ¼ KϕtðrÞ. The count rates of the
near detector and the far detector are, respectively,
NtðrÞ ¼
K
4πDtr
Lt
2
Le
2−Lt2
ðe−r=Le−e−r=Lt Þ; ð3Þ
Ntðr þ ΔrÞ ¼
K
4πDtðr þ ΔrÞ
Lt
2
Le
2−Lt2
ðe−ðrþΔrÞ=Le−e−ðrþΔrÞ=Lt Þ: ð4Þ
The ratio R of NtðrÞ to Ntðr þ ΔrÞ is introduced to compensate
for the inﬂuence of formation absorption and the borehole. The
ratio R is
R¼ NtðrÞ
Ntðr þ ΔrÞ
¼ r þ Δr
r
e−r=Le−e−r=Lt
e−ðrþΔrÞ=Le−e−ðrþΔrÞ=Lt
: ð5Þ
In Eq. (5), Le and Lt are functions of porosity (ϕ).
The partial derivative of porosity is used for Eq. (5); if we let
A¼ ð1=LeÞ−ð1=LtÞ, then
∂R
∂ϕ
¼ r þ Δr
r
ΔreΔr=Le ð1−eArÞ∂ð1=LeÞ=∂ϕ−reðΔr=LeÞþAr ∂A=∂ϕ
1−eAðrþΔrÞ

þðe
Δr=Le þ eArþðΔr=LeÞÞðr þ ΔrÞeAðrþΔrÞ ∂A=∂ϕ
ð1−eAðrþΔrÞÞ2
#
: ð6Þ
Plugging Eq. (6) into Eq. (1) gives the porosity sensitivity:
S¼Δr ∂ð1=LeÞ
∂ϕ
þ ðr þ ΔrÞe
AðrþΔrÞ
1−eAðrþΔrÞ
−
reAr
1−eAr
 
∂A
∂ϕ
: ð7Þ3. Positive and negative properties of ∂A=∂ϕ
Because ∂A=∂ϕ¼ ∂=∂ϕð1=LeÞ−ð1=LtÞ ¼ ∂=∂ϕð1=LeÞ−∂=∂ϕð1=LtÞ, the
following steps can be used to analyze the positive and negative
properties of ∂A=∂ϕ.
First we analyze the relationship between the slowing-down
length Le or the diffusion length Lt and porosity ϕ. It can be seen
from Wiley and Patchett (1989), Yu et al. (2010), and Smith (1986)
that both the slowing-down length Le and the diffusion length Lt
decrease with increasing porosity ϕ, as shown in Figs. 2 and 3.
Figs. 2 and 3 show that Le or Ltexhibit different degrees of
reduction with increasing ϕ in different lithologic formations.
Because compensated neutron logging is mainly used in sand-
stone, here the equations between Le or Ltand ϕ are obtained byﬁtting the data in Figs. 2 and 3, the result of which gives
Le ¼ −3:03lnðϕ=1000Þ;
Lt ¼ 10:0026ϕþ 0:0602 : ð8Þ
The relationship between Le and ϕ can also be found in Lysne
(1989).
Next we analyze the variations of ð∂=∂ϕÞð1=LeÞ and ð∂=∂ϕÞð1=LtÞ
with ϕ.
According to Eq. (8), 1=Le and 1=Lt as functions of ϕ can be
obtained, as shown in Fig. 4. Fig. 4 shows that both 1=Le and 1=Lt
increase with increasing ϕ; the values of 1=Le are all less than
those of 1=Lt in the range of formation porosity; the increasing rate
of change of 1=Le with ϕ is greater than that of 1=Lt with ϕ in the
low-porosity range, whereas in the high-porosity range, the rate of
change of 1=Le is less than that of 1=Lt , and the difference between
the two rates will increase with increasing porosity.
If partial derivatives of porosity are used for the rules in Fig. 4,
the variations of ∂=∂ϕð1=LeÞ and ∂=∂ϕð1=LtÞ as functions of ϕ can be
obtained. The relationships are shown in Fig. 5. As seen from the
ﬁgure, when ϕ is less than about 4.4%, the value of ð∂=∂ϕÞð1=LeÞ is
greater than the corresponding value of ∂=∂ϕð1=LtÞ: ∂=∂ϕ¼
∂=∂ϕð1=Le−1=LtÞ40. In this case, ∂A=∂ϕ is positive. When ϕ is
greater than about 4.4%, the value of ∂=∂ϕð1=LeÞ is less than the
corresponding value of ð∂=∂ϕÞð1=LtÞ, and ∂A=∂ϕ is negative; when φ
is about 4.4%, ∂A=∂ϕ¼0, and the second term in Eq. (7) is equal
to zero.
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Fig. 4. Changing rules of 1/Le and 1/Lt with ϕ.
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Fig. 6. Curve of the function f ðyÞ ¼ eyðey−y−1Þ=ð1−eyÞ2.
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Fig. 7. Response curves of the sensitivity with two spacings to formation porosity.
W. Wu et al. / Journal of Petroleum Science and Engineering 108 (2013) 10–1312Fig. 6 shows the porosity sensitivity as a function of porosity for
AmBe source. These porosity sensitivities are normalized for compar-
ison. It can be seen that the porosity sensitivities are very sensitive
only to low values of porosity (up to 5%), corresponding to high
migration lengths to the epithermal and thermal neutrons, and
decrease very quickly. For higher values of porosity, these sensitivities
are then almost constant and less affected by formation porosity.
Although the peculiar value of 4.4% for the porosity plays a key
role in all the next steps of the discussion, this value results only fromthe choice of the empirical equations (8) used to describe the Le and
Lt parameters. If we use other equations (for example, two logarith-
mic or two polynomial equations), the two curves do not necessarily
cross; nevertheless, the meaning and the behavior of the porosity
sensitivity S remain identical to those described in the paper.4. Variation of porosity sensitivity with the spacing r
To obtain the changing rule of porosity sensitivity (S) with the
spacing (r) porosity，the partial derivative of r is used for S in Eq. (7)
to obtain
∂S
∂r
¼ e
ArðeAr−Ar−1Þ
ð1−eArÞ2
−
eAðrþΔrÞðeAðrþΔrÞ−Aðr þ ΔrÞ−1Þ
ð1−eAðrþΔrÞÞ2
" #
∂A
∂ϕ
; ð9Þ
where the two terms in the brackets are two different forms of the
same function f ðyÞ ¼ eyðey−y−1Þ=ð1−eyÞ2, with the difference between
the two items being equivalent to the difference between the two
functions, respectively, with independent variables y1 and y2 [y1 ¼ Ar,
y2 ¼ Aðr þ ΔrÞ]. Because A¼ ð1=LeÞ−ð1=LtÞo0, y2 ¼ A r þ Δrð Þoy1 ¼ Aro0.
Consequently, as soon as the monotonicity of the function f ðyÞ ¼
eyðey−y−1Þ=ð1−eyÞ2 can be determined, the sensitivity as a function of
the spacing r can be obtained.
It is difﬁcult to determine the monotonicity of the function
f ðyÞ ¼ eyðey−y−1Þ=ð1−eyÞ2 with partial derivatives, but a drafting
method is a better choice. Because y2 ¼ Aðr þ ΔrÞoy1 ¼ Aro0; let
y in the function take negative values, and the curve of the
function can be drawn as shown in Fig. 7. It can clearly be seen
that the functionf ðyÞ ¼ eyðey−y−1Þ=ð1−eyÞ2 is a monotonically
increasing function. For y2oy1o0, f ðy2Þo f ðy1Þ can be obtained.
Thus, the expression in brackets in Eq. (9) will be greater than
zero. Because the positive and negative properties of ∂A=∂ϕ are
also known, when ϕ is less than about 4.4%, the term on the left-
hand side ð∂S=∂rÞ in Eq. (9) is greater than zero, which indicates
that neutron porosity sensitivity (S) increases with the increasing
spacing (r); when ϕ is greater than about 4.4%, ∂S=∂r is less than
zero, which indicates that the sensitivity (S) decreases with
increasing spacing (r). Therefore, when designing a neutron
logging tool the measurement precision of the porosity can be
improved by selecting the correct relationship between spacing
and formation porosity.
Fig. 8 shows the behavior of the derivatives ∂S=∂r as functions
of r for several values of the porosity. For low values of the porosity
(1% or 3%), the values of ∂S=∂rare positive. For higher values of the
porosity (≥5%), the values of ∂S=∂r are negative. For a ﬁxed r, the
lower the porosity, the greater is the value of∂S=∂r: For all
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that the spacing r has little effect on porosity sensitivity S.5. Variation of porosity sensitivity with the interval Δr
If we use the partial derivative of Δr for S in Eq. (7) we can
obtain the variation of porosity sensitivity (S) with the interval (r):
∂S
∂Δr
¼ ∂ð1=LeÞ
∂ϕ
þ e
AðrþΔrÞð−eAðrþΔrÞ þ Aðr þ ΔrÞ þ 1Þ
ð1−eAðrþΔrÞÞ2
∂A
∂ϕ
: ð10Þ
Because the slowing-down length (Le) decreases with forma-
tion increasing porosity (ϕ), 1=Le increases with increasing ϕ, and
the ﬁrst term on the right-hand side of Eq. (10) is greater than
zero, as shown in Fig. 5. The following transformation can be
performed for the second term on the right-hand side of Eq. (10):
eAðrþΔrÞð−eAðrþΔrÞ þ Aðr þ ΔrÞ þ 1Þ
ð1−eAðrþΔrÞÞ2
∂A
∂ϕ
¼ −e
AðrþΔrÞðeAðrþΔrÞ−Aðr þ ΔrÞ−1Þ
ð1−eAðrþΔrÞÞ2
∂A
∂ϕ
Fig. 7 shows that eA rþΔrð Þð−eA rþΔrð Þ þ Aðr þ ΔrÞ þ 1Þ=ð1−eA rþΔrð ÞÞ2 is
less than zero, so the positive and negative properties of the second
term depend on ∂A=∂ϕ. When sandstone porosity is less than about
4.4%, ∂A=∂ϕ40, and the second term on the right-hand side of
Eq. (10) is less than 0, but the absolute value of ð∂=∂ϕÞð1=LeÞis large,
and the ﬁrst term is much larger than the second one on the right-
hand side of Eq. (10), so the partial derivatives of Δr for the sensitivity
(ð∂S=∂ΔrÞ) are greater than 0. When the porosity is greater than about
4.4%, ∂A=∂ϕo0, the ﬁrst and the second terms are both positive, and
∂S=∂Δris greater than 0. Therefore, ∂S=∂Δr is always greater than 0 for
a constant formation porosity, which indicates that the porosity
sensitivity of the neutron tool (S) increases with increasing spacing
interval ðΔrÞ.
Fig. 9 shows the behavior of the derivatives ∂S=∂ Δrð Þ as functions of
r for several values of the porosity. For all porosity values, the values of
∂S=∂ Δrð Þ are positive, which indicates that the sensitivity S increases
with increasing porosity. For a ﬁxed r, higher porosity brings lower
∂S=∂ Δrð Þ; that is, the sensitivity S in a higher porosity formation is less
affected by the interval Δr than that in a lower porosity formation.6. Conclusions
Theoretical analysis and calculations clearly demonstrate that
the relationship between porosity sensitivity and spacing is notmonotonic. When the spacing interval is ﬁxed, the sensitivity
increases with increasing spacing in formations of low porosity,
whereas the opposite is observed in formations of relatively high
porosity. However, the inﬂuence of the short spacing on the
sensitivity is very minor. When the spacing is ﬁxed, the sensitivity
has a monotonically increasing relationship with the spacing
interval in the whole range of formation porosity.Acknowledgments
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